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Electron transport through a quantum dot chain with two neighboring dots coupled to both leads 
is theoretically studied. In such a system, it is found that only for the even-numbered quantum dot 
structure with the same-number quantum dots coupled to each connecting dot, some eigenstates of 
the quantum dots decouple from the leads. Namely, all odd eigenstates decouple from the leads in the 
absence of magnetic flux, but all even eigenstates will decouple from the leads when a magnetic flux 
is introduced. In addition, by adjusting the magnetic fluxes through any subring, some eigenstates 
decouple from one lead but still couple to the other, and then some new antiresonances occur. 
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I. INTRODUCTION 

In the past years, electronic transport through quantum-dot(QD) systems has been extensively studied 
both experimentally and theoretically. The atom- like characteristics of a QD, such as the discrete electron 
levels and strongelectron correlation, manifest themselves by the experimental observations of Coulomb 
blockade P, [3, [1,3' conductance oscillation 5] , and Kondo effect [1, 0, B in the electronic transport pro- 
cess through a QD. Therefore, a single QD is usually called an artificial atom, and a mutually coupled 
multi-QD system can be regarded as an artificial molecule. With the progress of nanotechnology, it now 
becomes possible to fabricate a variety of coupled QD structures with sizes to be smaller than the electron 
coherence (lOl [ll| . Thereby, more and more recent experimental investigations focus on the electronic trans- 
port property through coupled QD systems [3, [H, [ill- In comparison with a single QD, coupled QD 
systems possess higher freedom in implementing some functions of quantum devices, such as the QD cellular 
automata 17 1 and solid-state quantum computation [l^ . 



Many experimental and theoretical works have become increa sing ly concerned about the electronic trans- 
port through various multi-QD svstems [20l [2ll. [2^. [23l. [23. [25l [2^. [27| . According to the previous research, we 
know that characteristic of the linear conductance spectrum consists in the conductance peaks reflecting the 
eigenlevels of the coupled QDs. Moreover, the zero point of the conductance, called antiresonance, has also 
received much attention, which is interpreted as the destructive quantum interference among electron waves 
going through different paths. Typically, in the structures with one or several quantum dots sidc-coupled 
to a main conducting channel, the antiresonant points coincide with the eigenenergies of the dangling QDs. 
Such a theoretical prediction about antiresonance has been observed experimentally [10, [2l|, which stimu- 
lated further theoretical interest in this topic [23[. [2^. 251 26 , 27| . Based on the properties of antiresonance. 



the applications of some QD structure are proposed|27j28l 2^ 



However, for several QD svstems [301 131|. not all the eigenlevels appear in the conductance spectrum and 
the corresponding eigenlevels are completely localized, which originate from these quantum states decoupled 
from the leads. Thereby, the occurrence of decoupling modifies the quantum interference of the corresponding 
structure in the nontrivial way, so that the electron transport properties are changed. For instance, it can also 
give rise to the appearance of antiresonance. Accordingly, such topics have become a direction of focusing 
on the electron transport through the coupled QDs. Motivated by these previous works, we pay attention 
to the electron transport through a quantum dot chain, in which both the leads couple to two neighboring 
dots of the chain. As a result, only for the even-dot structure with the same-number quantum dots coupling 
to the connecting dots, some of the eigenstates of the coupled QDs decouple from the leads. Namely, in 
the absence of magnetic flux only the odd eigenstates decouple from the leads, while the even eigenstates 
will decouple from the leads when magnetic flux is introduced. But the antiresonance in the conductance 
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spectrum is irrelevant to the tuning of magnetic flux. In addition, by adjusting the magnetic fluxes through 
each subring, one can achieve the decoupling of some eigenstates from one lead but still coupled to the other, 
which causes the occurrence of new antiresonance. 



II. MODEL 



The coupled-QD structure we consider is illustrated in Fig[lja) 
motion in such a structure reads 



The Hamiltonian to describe the electronic 



H — He + Hd + Ht- 
The first term is the Hamiltonian for the noninteracting electrons in the two leads: 

He = ^ £kac\^„Cka,y, 



(1) 



(2) 



kaeL,R 



where 



4 

^kaa 



(cfeQtr) is an operator to create (annihilate) an electron of the continuous state |fc, cr) in lead-a 



with (7 being the spin index, and e^a is the corresponding single-particle energy. The second term describes 
electron in the QD chain. It takes a form as 



Hr 



N 

7n—l 



■ d) d 



N-1 
m— 1 



H.C.), 



(3) 



where dj^j^. {dma) is the creation (annihilation) operator of electron in QD-m, Sj denotes the electron level 
in the corresponding QD. We assume that only one level is relevant in each QD and the value of is 
independent of = Eq- When the sequence numbers of the two neighboring dots coupled to both leads are 
taken as j and j + 1, the last term in the Hamiltonian describes the electron tunneling between the leads 
and QDs. It is given by 



Vaj + ld]j^^^Ckaa + H.C.), 



(4) 



where Vaj and Vaj+i with a ^ L,R denotes the QD-lead coupling strength. We adopt a symmetric QD- 
lead coupling configuration which gives that Vlj — Ve"^^/^, Vlj+i — Ve^"^^/^, Vrj — Ve^^'^"^^^, and 
Vfij+i = Fe'"^^/^ with V being the dot-lead couphng strength. The phase shift 4>a is associated with the 
magnetic flux threading the system by a relation (jja = 27r$Q/<I>Oj in which $0 — h/e is the flux quantum. 

To study the electronic transport properties, the linear conductance of the noninteracting system at zero 
temperature is obtained by the Landauer-Biittiker formula 



(5) 



T{uj) is the transmission function, in terms of Green function which takes the form as|33. [33| 

T,{lo) = Tr[r^G;(c.)r«G«(c.)], (6) 
where is a. N x N matrix, describing the coupling strength between the two connecting QDs and the 



left lead. It is defined as [T 



'^''^yLmVlj^, Pl{uj) . We will ignore the w-dependence of F^,^, since 



the electron density of states in the left lead, ^^(u;), can be usually viewed as a constant. By the same 
token, we can define [r^]mm'- In fact, one can readily show that [r^]m,„ = [r^]mm in the case of identical 
QD-lead couphng. Hence we take F = [r^]mm, = [r^]mm, to denote the QD-lead coupling function. In Eq. 
([6|) the retarded and advanced Green functions in Fourier space are involved. They are defined as follows: 
Gl^m'A^) = -*^(i)({'^™-(0,4.v}> and GJJ„„,^,(0 = i0{~t){{d^„{t),dl,^}), where e{x) is the step func- 

,(i)e*"*dt. 



tion. The Fourier transforms of the Green functions can be performed via G^^/ ^{uj) — G 
These Green functions can be solved by means of the equation-of-motion method. By a straightforward 
derivation, we obtain the retarded Green functions which are written in a matrix form as 



-t 



J-1 



J-1 








-iF 



-1 



gj+2aiz) 1 -tj+2 



(7) 
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with z = cij+iO^, grna{z) = {z—e„i+iTmm) ^, being the zero-order Green function of the QD-m unperturbed 
by another QD, and Tmrn' — ^{[^^]mm' + [r^]m,n')- addition, the advanced Green function can be readily 
obtained via a relation G'^{uj) — [G^{i 



It 



Notice that the linear conductance spectrum of the coupled QD structure reflects the eigenenergy spectrum 
of the "molecule" made up of the coupled QDs. In other words, each resonant peak in the conductance 
spectrum represents an eigenenergy of the total QD molecule, rather than the levels of the individual QDs. 
Therefore, it is necessary to transform the Hamiltonian into the molecular orbital picture of the QDs. It 
is quite helpful to analyze the numerical results for the linear conductance spectrum, as follows. We then 
introduce the electron creation(annihilation) operators corresponding to the molecular orbits, i.e., fl^^y {fma)- 
By the diagonalization of the single-particle Hamiltonian of the QDs, we find the relation between the 
molecular and atomic pictures (here each QD is regarded as an "atom" ) . This is expressed as [fl] = [q] [dj.] . 
The N X N transfer matrix [r/] consists of the eigenvectors of the QD Hamiltonian. In the molecular orbital 
picture, the single-particle Hamihonian takes the form: H = SakC^^a'^aka + Y.m=i.a ^rnfLafma + 

J2 VamPma^aka + h.c, in which e„ is the eigenenergy of the QDs; Wam = rjmjVaj + rj.mj+iVaj+i, denotes 

aha- 

the coupling between the eigenstate Cm and |fc, cr) in lead-a. In the molecular orbital picture the retarded 

Green function is defined as Gmm'.a — ((/mcr|./m'cr))- We can define 7"j„ = "^TrVamVam'Pai^) which denotes 
the coupling coefficient between the eigenstate Cm and the leads, and their diagonal elements are given by 



It is known that for the iV-QD structure with tm ~ to and = Eq, the eigenenergies are given by 



e-m ~ £q — 2^0 cos(-^2i2_) and the [rj] matrix is expressed as 



iV+ 1 



• N^TT ■ N{N-1)tt ■ Ntt 

^^'-'^ IV+T ^""^ N+1 ' " IV+T 

Af(jV-l)7r • (jV-l)^7r • (A'-l)7r 

N+1 N+1 ■ ' ' N+1 



,■ Ntv ■ {N-1)tt ■ Ti 

Iv+T ™ N+1 ■ " ^^"^ Iv+T 



Hence we can see that only in the case of (pa = nir, it is possible for 7" to be equal to zero so that the 
corresponding eigenstate decouples from lead-a. 

III. NUMERICAL RESULTS AND DISCUSSIONS 

With the formulation developed in the previous section, we can perform the numerical calculation to 
investigate the linear conductance spectrum of this varietal parallel double QD structure, namely, to calculate 
the conductance as a function of the incident electron energy. Prior to the calculation, we need introduce a 
parameter to as the units of energy. 

We choose the parameter values tm = T = Iq for the QDs to carry out the numerical calculation. And 
£0, the QD level, can be shift with respect to the Fermi level by adjusting gate voltage experimentally. 
Figure [5] shows the linear conductance spectra {G versus £0) for several structures with the QD number 
iV = 2 to 4. It is obvious that the N = 2 structure just corresponds to the parallel double QDs with 
interdot coupling, which has been mentioned in previous works. Its conductance spectrum presents a Breit- 
Wigner lineshape in the absence of magnetic flux, as shown in Fig. 2(a). Such a result can be analyzed in 
the molecular orbital representation. Here the [77] matrix, denoting the relation between the molecular and 

-1 1 
1 1 

here the bonding state completely decouples from the leads and only the antibonding state couples to the 
leads, which leads to the appearance of the Breit-Wigner lineshape in the conductance spectrum. Besides, 
introducing the magnetic flux with 0^ = (pn = cj) = t: (Hereafter we employ to denote the magnetic flux 
through each subring for the 0l = (pR case) can change the decoupling state, as exhibited by the dashed 
line in Figl^^a). In such a case, only the bonding state couples to the leads and the conductance profile also 
shows a Breit-Wigner lineshape. 

In Figl^I^b) the conductance curves as a function of gate voltage are shown for the 3-QD structure. Ob- 
viously, there exist three conductance peaks in the conductance profiles and no decoupling quantum state 
appears. We can clarify this result by calculating — r|77„ii + 77„i2e"^p, and it is obvious that 7^,,^ is 



'atomic' representations, takes a form as [r/] = 



Then with the help of Eq. ([8]) one can find that 
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impossible to be equal to zero in such a structure despite the adjustment of magnetic flux. Thus one can not 
find the decoupling eigenstates, the state-lead coupling may be relatively weak, though. Just as shown in 
FigHIb), in the absence of magnetic flux the distinct difference of the couplings between the quantum states 
and leads offer the 'more' and 'less' resonant channels for the quantum interference. Then the Fano effect 
occurs and the conductance profile presents an asymmetry lineshape. In addition, the Fano lineshape in the 
conductance spectrum is reversed by tuning the magnetic fiux to = tt, due to the modulation of magnetic 
flux on 7^^. 

When the QD number increases to N — A, there will be two configurations corresponding to this structure, 
i.e, the cases of j = 1 and j = 2. As a consequence, the conductance spectra of the two structures remarkably 
differ from each other. With respect to the configuration of j = 1, the electron transport properties presented 
by the conductance spectra are similar to those in the case of the 3-QD structure, as shown in Figl^Jc), and 
there is also no occurrence of decoupling states. However, as for the case of j — 2, it is clear that in the 
absence of magnetic flux, there are two conductance peaks in the conductance spectrum, which means that 
the decoupling phenomenon comes into being. Alternatively, in the case oi (f) — n, there also exist two peaks 
in the conductance profile. But the conductance peaks in the two cases of = and tt do not coincide with 
one another. We can therefore find that in this structure, when (f) — m: decoupling phenomena will come 
up and the adjustment of magnetic fiux can effectively change the appearance of decoupling states. By a 
calculation and focusing on the conductance spectra, we can anticipate that in the case oi (f> = 2n7r, the odd 
(first and third) eigenstates decouple from the leads; In contrast, the even (second and fourth) eigenstates 
of the QDs will decouple from the leads ii (j> = (2n— l)7r. In addition, as shown in Fig[2Ud), the conductance 
encounters its zero when the level of QDs is the same as the Fermi level of the system. Furthermore, the 
conductance zero, usually called antiresonance, is irrelevant to the tuning of magnetic flux, even though the 
changes of couplings between the eigenstates and leads. 

In order to obtain a clear physics picture about decoupling, we analyze this problem in the molecular orbital 
representation. By solving the [rj] matrix and using the relation 7"j„ = r|?7m2 +'7m3e*'^P, it is easy to find in 
the case of zero magnetic flux, and 7^3 is always equal to zero, which brings out the completely decoupling 
of the odd eigenstates from the leads. Opposite to this case, when (j> = tt the values of 722 and 744 are fixed 
at zero. And such a result leads to the even eigenstates to decouple from the leads. However, the underlying 
physics responsible for antiresonance is desirable to clarify. We then analyze the electron transmission in 
the molecular representation. We take the case of </> = as an example, where only two quantum states 62 
and 64 couple to the leads due to decoupling. Accordingly, 62 and 64 might be called as well the bonding 
and antibonding states. As is known, the molecular orbits of coupled double QD structures, e.g, the well- 
known T-shaped QDs, are regarded as the bonding and antibonding states. Therefore, by employing the 
representation transformation [aj.] = [/3][/^], such a configuration can be changed into the T-shaped double- 
QD system of the Hamiltonian H = ^akc'aka'^aka+Yl^^,n=i ^na\„ana+ta\^ai„+ Waia\^Caka+h.c.. 

kaa^LjR aka 

By a further derivation, the relations between the structure parameters of the two QD configurations can be 
obtained with ei = £0 + ^Oi ^2 — t — ^o, and Wai = Vai respectively. Accordingly, we have 7^2 = r|/3iip, 



and 74^4 = r|/32iP with [/3] - 



\/\/5-l 



1 2 



The 4-QD structure is then transformed into 



the T-shaped double QDs with Eq being the level of dangling QD. Just as discussed in the previous works |29l|. 
in the T-shaped QDs antiresonance always occurs when the dangling QD level is aligned with the Fermi 
level of the system. With the help of such an analysis, one can then understand that in this 4-QD system, 
the antiresonant point in the conductance spectrum is consistent with eg = 0. 

The occurrence of antiresonance in the T-shaped QDs can be interpreted as the quantum interference 
between two kinds of transmission paths. We demonstrate this issue by rewriting the Hamiltonian of the 
T-shaped double QD structure as = Tio + in which 



T-io = ^^Lka^Lka^Lka +^{tkk'a^Lka^Rk'a + h.C.) 
ka kk' a 

+ '^£Rka^f(ka^Rkcr + ^ e2al„a2a, 
ka <J 

Ht = ^Vfe4,,a2, + /i.e.. (9) 



ka 



Here the old operators aio- and CLka are expanded in terms of this new set: ai„ = Y^kOLLka and CLfco- = 

k 

YVk k"^Lk'a- Under this new representation, the electron transmission paths are well described: One is an 

fc' 

electron transmission path whereby the electron starts from the left lead tunnels directly into the right lead. 
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the other is a different transmission path from the above one in that the electron must visit the dangling QD 
as it tunnels through the QD structure. Note that the electron visiting the dangling QD will result in its 
phase change, and the phase difference between the two kinds of paths gives rise to the destructive quantum 
interference. In Ref.jSJ], a detailed discussion is presented. 



When paying attention to the [r/] matrix, one will see that 7712 = 7743, 7^22 = — ??33, V32 = ??23, and 7742 = —7713 
for the 4-QD structure. As a result, such relations give rise to 722U=o = 733|(/)=7r and 7441^=0 = Jii\<t>=Tr- 
So, when (p = tt the magnetic flux reverses the lineshape of the conductance spectrum in the case oi ((> — 0. 
Based on these properties, we can realize that the quantum interference in this case is similar to that in the 
case oi (j) — 0. Therefore, the antiresonant point in the conductance spectra is independent of the adjustment 
of magnetic flux. 

By virtue of Eq.® we can find that in the situation of 0q, = rnr and i/iq,' 7^ titt, some eigenstates of the QDs 
will decouple from lead-a but they still couple to lead-a'. Figure [3] shows the research on electron transport 
within the 2-QD and 4-QD j — 2 structures. For the 2-QD structure, it is obvious that in the case oi (pL = 
and (j}fi = O.Stt both the bonding and antibonding states couple to lead-R but the bonding state decouples 
from lead-L. The numerical result is shown in Fig[3]Ja). Clearly, due to decoupling antiresonance occurs at the 
point of Eq = to- This indicates that in such a case antiresonance will come into being when the decoupling 
state is tuned to be consistent with the Fermi level. As discussed in our previous works, this antiresonance 
arises from the destructive interference among electron going through two kinds of transmission paths. Then 
in the case of (^l = and (pR = tt, the bonding state decouples from lead-L with the antibonding state 
decoupling from lead-R. So in this case there is no channel for the electron tunneling and the conductance is 
always equal to zero, despite the shift of gate voltage. On the other hand, by fixing (pji — tt and increasing 
4>L to O.Stt, one will see that the decoupling of antibonding state from lead-R results in the antiresonance at 
the point of eo = ^^o- With regard to the 4-QD with j — 2 structure, the decoupling-induced antiresonance 
is also remarkable in the case of (pa = nir and (pa' nir. As shown in FiglSjJb) there are two kinds of 
antiresonant points in such a case: one originates from the quantum interference between the connecting 
eigenstates, and the other is caused by the decoupling states. 

Based on the above analysis, we can expect that in the structure of with tm = to and Sm = £0, when N is 
even and j = ^ there must be the appearance of decoupling eigenstates. This expectation can be confirmed 
because of rjmj — ~Vm,,j+i{'m € odd) and rjmj = ilmj+ii'm € even) for the QDs. The numerical results in 
FiglH describing the conductances of 6-QD and 8-QD structures, can support our conclusion. Besides, with 
the help of the representation transformation the positions of antiresonance can be clarified by transforming 
these structure into the T-shaped QD systems. 

In FigOthe linear conductances of the semi-inflnite and infinite QD chains are presented as a function of 
gate voltage. As shown in Figl51[a)-(b), for the case of semi-infinite QD chains with j = 1 and 2, there is 
no conductance peaks consistent with any eigenlevel since the eigenstates of the QDs become a continuum 
in such a case. It should be pointed out that although some eigenstates decouple from the leads, it can not 
affect the electron transport since the electron transmission paths can not be differentiated in the case of 
continuum. Thus no antiresonance appears in the conductance spectra. With this point of view, it is easy 
to understand that for the infinite QD chain, there is also no antiresonance in the conductance proflle, as 
shown in FiglSjc). However, when investigating the influence of the difference between (p^ and (pR on the 
electron transport, we flnd that in the situation of ^i, = and (pR — O.Stt the conductance of the infinite 
QD chain encounters its zero at the down side of energy band, as shown in Fig[S]Jb). Such a result can be 
explained as follows. The coupling of a semi-infinite QDs to QD-j indeed brings out an additional self-energy 
to its level, which can be written out explicitly as S = h^~^o ~ i\/ ~ ^o)' which renormalizes the level 
of QD-j £0 to £0 + At the upper side of the energy band, the renormalized QD level becomes ^ because 
of S = here. Similarly, the level of QD-(j-l-l) is equal to Therefore, at this point the structure 
is transformed into the double-dot configuration. Based on our discussion on the quantum interference of 
the double-dot system, we know that when the bonding state ei = ~ ^0 is aligned with the Fermi level, 
the linear conductance presents antiresonance. With these knowledge, one can clarify the occurrence of 
conductance zero in such a case. Alternatively, a similar reason gives rise to antiresonance at the up side of 
the energy band for the case of = O.Stt and (pR_ = tt. In addition, it is apparent that in the case oi cpL — 
and (pR = TT the conductance is always fixed at zero. This result can be readily explained that in such a 
situation any eigenstate coupled to lead-a is inevitable to decouple from lead-a', though the eigenstates of 
the QDs is continuum. Thus, there is still no channels for the electron transport. 

Before concluding, we have to make a remark regarding the many-body effect which we have by far 
ignored. As is known, the many-body effect is an important origin for the peculiar transport properties in 
QDs. Usually, the many-body effect is incorporated by considering only the intradot Coulomb repulsion, 
i.e., the Hubbard term. If the Hubbard interaction is not very strong, we can truncate the equations of 
motion of the Green functions to the second order. By a straightforward derivation, we find that in such an 
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approximation, the Green function is redefined as 

gmaiz) ^\J{rL^^ + »r„„„] \ (10) 

It can be expected that the conductance spectrum wiU be spht into two groups [ssl IsgI. . and in each group 
the electron transport properties in the noninteracting case will remain. 



IV. SUMMARY 



With the help of nonequilibrium Green function technique, the electron transport through a QD chain 
is theoretically studied. In such a system both the leads couple to the two neighboring QDs of the chain. 
It has been found that only for the even-numbered QD structure with the same-number QDs coupling to 
the connecting QDs, some eigenstates of such coupled QDs decouple from the leads. To be concrete, in the 
absence of magnetic flux the odd eigenstates of the QDs decouple from the leads, whereas its even eigenstates 
decouple from the leads when an appropriate magnetic flux is introduced. In addition, the antiresonance 
in the conductance spectra is irrelevant to the tuning of magnetic flux. By means of the representation 
transformation, such phenomena were analyzed in detail. By adjusting the magnetic fluxes through each 
subring, we found that some eigenstates of these QDs decoupled from one lead but still coupled to the other, 
which causes the occurrence of new antiresonance. These results vanish for the case of the infinite QD chain. 



[1] J. H. F. Scott-Thomas, S. B. Field, M. A. Kastner, H. I. Smith, and D. A. Antoriadis, Phys. Rev. Lett. 62 (1989) 
583. 

[2] U. Meirav, M. A. Kastner, and S. J. Wind, Phys. Rev. Lett. 65 (1990) 771. 

[3] Y. Nagamune, H. Sakaki, P. Kouwenhoven, L. C. Mur, C. J. P. M. Harmans, J. Motohisa, and H. Noge, Appl. 
Phys. Lett. 64 (1994) 2379. 

[4] Y. Zhang, L. DiCarlo, D. T. McCIure, M. Yamamoto, S. Tarucha, C. M. Marcus, M. P. Hanson, and A. C. 

Gossard, Phys. Rev. Lett. 99 (2007) 036603. 
[5] L. P. Kouwenhoven, N. C. van der Vaar, A. T. Johnson, W. Kool, C. J. P. M. Harmans, J. G. Williamson, A. A. 

M. Staing, and C. T. Foxon, Z. Phys. B: Condens. Matter 85 (1991) 367. 
[6] D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch- Magder, U. Meirav, and M. A. Kastner, Nature 

(London) 391 (1998) 156. 

[7] D. Goldhaber-Gordon, J. Gores, M. A. Kastner, H. Shtrikman, D. Mahalu, and U. Meirav, Phys. Rev. Lett. 81 
(1998) 5225. 

[8] S. M. Cronenwett, T. H. Oosterkamp, and L. Kouwenhoven, Science 281 (1998) 540. 
[9] R. J. Heary, J. E. Han, and L. Zhu, Phys. Rev. B 77 (2008) 115132. 
[10] Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Rev. Lett. 75 (1995) 2542. 

[11] A. Shailos, C. Prasad, M. Elhassan, R. Akis, D. K. Ferry, J. P. Bird, N. Aoki, L- H. Lin, Y. Ochiai, K. Ishibashi, 

and Y. Aoyagi, Phys. Rev. B 64 (2001) 193302. 
[12] W. G. van der Wiel, S. De Franceschi, J. M. Elzerman, T. Fujisawa, S. Tarucha, and L. P. Kouwenhoven, Rev. 

Mod. Phys. 75 (2003) 1. 

[13] L. W. Yu, K. J. Chen, L. C. Wu, M. Dai, W. Li, and X. F. Huang, Phys. Rev. B 71 (2005) 245305. 
[14] A. Vidan, R. M. Westervelt, M. Stopa, M. Hanson, and A. C. Gossard, ,Appl. Phys. Lett. 85 (2004) 3602. 
[15] F. R. Waugh, M. J. Berry, D. J. Mar, R. M. Westerwelt, K. L. Campman, and A. C. Gossard, Phys. Rev. Lett. 
75 (1995) 705. 

[16] I. Amlani, A. O. Orlov, G. Toth, G. H. Bernstein, G. S. Lent, G. L. Snider, Science 284 (1999) 289. 

[17] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57 (1998) 120. 

[18] G. Burkard, D. Loss, and D. P. Divincenzo, Phys. Rev. B 59(1999) 2070. 

[19] M. Klein,S. Rogge,F. Remade, and R. D. Levine, Nano. Lett. 7 (2007) 2795. 

[20] K. Kobayashi, H. Aikawa, A. Sano, S. Katsumoto, and Y. lye, Phys. Rev. B 70 (2004) 035319. 

[21] M. Sato, H. Aikawa, K. Kobayashi, S. Katsumoto and Y. lye, Phys. Rev. Lett. 95 (2005) 066801. 

[22] M. Sigrist, T. Ihn, K. Ensslin, M. Reinwald, and W. Wegscheider, Phys. Rev. Lett. 98 (2007) 036805. 

[23] X. R. Wang, Yupeng Wang, and Z. Z. Sun, Phys. Rev. B 65 (2002) 193402. 

[24] L. F. Santos and M. I. Dykman, Phys. Rev. B 68 (2003) 214410. 

[25] Y. Zheng, T. Lii, C. Zhang, and W. Su, Physica E (Amsterdam) 24 (2004) 290. 

[26] A. A. Aligia and A. M. Lobos, J. Phys.: Condens. Matter 17 (2005) S1095. 

[27] M. E. Torio, K. Hallberg, S. Flach, A. E. Miroshnichenko, and M. Titov, Eur. Phy. J. B 37 (2004) 399. 

[28] Y. Liu, Y. Zheng, W. Gong, and T. Lii, Phys. Lett. A 360 (2006) 154. 

[29] W. Gong, Y. Liu, Y. Zheng, and T. Lii, Phys. Rev. B 73 (2006) 245329. 

[30] M. L. Ladron de Guevara and P. A. Orellana, Phys. Rev. B 73 (2006) 205303. 



7 



[31] K. Bao and Y. Zheng, Phys. Rev. B, 73 (2006) 045306. 

[32] Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68 2512 (1992); 

[33] A. P. Jauho, N. S. Wingreen, and Y. Meir, Phys. Rev. B 50 (1994) 5528. 

[34] Y. Liu, Y. Zheng, W. Gong, and T. Lii, Phys. Rev. B 76 (2007) 195326. 

[35] G. Chen, G. Khmeck, S. Datta, G. Chen, and WilHam A. Goddard, III, Phys. Rev. B 50 (1994) 8035. 

[36] J. Q. You and H. Z. Zheng, Phys. Rev. B 60 (1999) 13314. 

[37] J. Q. You and H. Z. Zheng, Phys. Rev. B 60 (1999) 8727. 



8 



FIG. 1: Schematic of the QD chain with two neighboring QDs coupled to both leads. Two magnetic fluxes c&l and 
thread the subrings in the structure. 

FIG. 2: The linear conductance spectra of N-QD chains with iV = 2 to 4. The structure parameters take the values 
asT = tm ~ to, with to being the unit of energy. 

FIG. 3: The calculated conductance spectra of the 2-QD and 4-QD structures by the presence of 4>a = ni: and 

0„/ ^ mx. 

FIG. 4: (a) The conductances of 6-QD system with j = 3. (b) The conductances of 8-QD structure in the case of 
j = 4. 

FIG. 5: The conductances of the semi-infinite and infinite QD chains. 
FIG. 6: The conductances of the semi-infinite and infinite QD chains in the presence of 0a = nir and 0c«' ^t''- 
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